Abstract: Daugman and Downing introduced a new method in 1993 for decomposing textures using a demodulation transform that they claimed had its basis in human visual perception. We argue that their transfomi may be applied to mammograms for image texture analysis and tissue characterization. In this paper, an adaptation made to their demodulation transform is presented for the purpose of highlighting circumscribed mass lesions on mammograms. Three major modifications are introduced: (a) Fourier half-plane selection, (b) amplitude-only and phase-only reconstruction, and (c) image subtraction to highlight masses on mammograms. This adapted algorithm exhibited high sensitivity for detecting -~ circumscribed mass lesions and initial results are promising
INTRODUCT JON
In 1993, Daugman and Downing [I] introduced a new texture operator based on decomposition of an image by demodulation into a carrier and a phasor, the latter being capable of further decomposition into amplitude and phase components. In a later, more complete presentation, they claimed that ". . . some aspects of human spatial vision, particularly for textured patterns and scenes, can be described in tenns of demodulation and predictive coding" [2] .
In previous work, we have used a range-based neighbourhood texture measure [ 31 for characterizing the widely varied appearance of breast tissue or parenchyma, and abnormalities, or ksions, on mammograms, which are X-ray images of the compressed female breast. The novel approach of Daugman and Downing, for texture characterization, appeared promising for this purpose, as well. The hypothesis was that if the Daugman-Downing decomposition could be used to characterize the mammographic parenchyma successfully, then it could, by a subtractive process, be used to highlight lesioris or abnormalities in the breast.
This approach has now been tested on a subset of lesions called circurnscrihed inass lesions, which are typified on mammograms by bright elliptical regions with well defined borders. Initial results are very encouraging, although further work needs to be done to improve discrimination between normal and lesion tissue. and
KEVLEW OF THE DAUGMAN-DOWNING TEXTURE DEMODULATION
where so is the mean value of S(x,y) and S ( x , y ) has zeromean and is taken to be the original image henceforth. The texture demodulation method depends on factorizing S ( x , y ) , in terms of a singlepredictive currier wuve e(,r,.v) and a conipfex modukatioti phusor Z(x,y) such that their modulation product reproduces the original image, i.e.,
Dauginan and Downing then expressed S(.x,y) by the 2D-Fourier expansion using paired coivtigate. frequencies so:
where there are 2iV paired conjugate 2D frequency components (pk,vk) = (-p...k, -v-h) and their associated complex coefficients are a k = u k + jhk with c10 = 0. Moreover, because S ( x , y ) is real rather than complex, the coefficients are conjugate symmetric, i.e., a k = aTk. The polar form of ak is / / a k / j exp(jek).
Since the Fourier spectrum is conjugate symmetric, the Fourier half-plane may be defined in any orientation such that all values of k sharing the same sign (+/-) are in the same half-plane. Over the half-plane of all positive frequency components, the spectral centre of mass (,uc,vc) is determined by:
The review in this section summarizes the exposition of Daugman and Downing [ 1, 2] . Any arbitrary real-valued image S(x,y) may be expressed as
The predictive carrier wave C(x,y) is then selected at the centre-of-mass frequency (,U< ,vL):
The complex modulation phasor Z(x,.v) is generated 0-7803-7503-3/02/$17.00 02002 IEEE Thus all the positive frequency components in the half-plane are shifted to have their centre of mass at the origin.
where .4pg = pk -ji, and Avg = vk -v, .
without loss using Z(x,y) and C (x,,v) 
The original image S(x,y) can then be reconstructed
Alternatively,
Note that the mean so must be added back to S(x,y) to obtain the initial image S(x.y).
Furthermore, the complex modulation phasor can be expressed in complex polar form to obtain as a product of amplitude modulation (AM) and phase modulation (PM)
Components, A ( x , y) and @(x, y) respectively:
where and The AM component A (x,y) may also be expressed just in terms of all the vector difference frequencies among all the components of S(x,y) in the half-plane:
I
This equation reveals the important property that thephasor's AM component depends only on the original image S(x, y) and is independent of the carrier frequency (,u,.v,) . Therefore the image demodulation process always produces the same filter-independent AM component that is particularly useful in our application of this approach to mammograms.
ADAPTATION FOR MAMMOGRAPHIC ANALYSIS
Although Daugman and Downing's demodulation transform is able to decompose synthetic texture images into simplified AM and PM components, we have found its performance to be not as good when applied directly to natural or medical images. Our principal interest in this technique is to apply it to mammograms, to analyze or characterize the texture of the breast tissue, and possibly for lesion detection.
Due to the complexity of the local image structure, no single carrier wave can be chosen to have high predictive power; hence the resulting PM component is almost as complex as the original image, achieving no economy through decomposition.
ture demodulation method to our application by introducing the following modifications:
We have therefore adapted the Daugman-Downing tex-
.
Selection of the half-plane orientation so that it IS orthogonal to the direction of the dominant Fourier components;
2. Phase-only and amplitude-only reconstruction;
3. Subtraction or partially reconstructed component images.
These modifications are explained below.
Half-plane selection
The first adaptation of Daugman and Downing's demodulation transform is the setting of the half-plane. Their algorithm does not restrict the orientation of the half-plane.
I-Iowever different choices of the half-plane yield direrent centres of mass as computed by equations (4) and (5).
It i s well known [4, p 6031 that the directions of the dominant Fourier magnitude components of an image are orthogonal to the dominant directions of edges in the image. Therefore, to optimize the demodulation transform, the border of the Fourier half-plane should be chosen perpendicular to the dominant direction of the Fourier components to capitalize on the dominant directionality of the edges, and possibly texture, in the image. This is the rationale for this choice of the half-plane. The Fourier plane is first divided into four sectors centred on four directions: O", 45", 90" and 135". The average magnitude of all the Fourier components is then computed for each sector. The sector with the highest average magnitude is selected to be the dominant direction in the Fourier domain, and hence the border of the half-plane is set peipendicular to it. The centre-of-mass frequency is computed over this half-plane as in equations (4) and (5).
Phase-only and amplitude-only reconstruction
As shown in equation (9), the original image S(.w,y) is completely reconstructed by the carrier C ( x , y ) and the phasor Z(x,y) = A(x,y) expb@(x,y)]. The notation, RAM(X.Y) and Rp.~(x,y), for partially reconstructed components is now introduced. For Ahi-onZy reconstruction. only A(x,y) is used and all values of @(x?y) are set to zero:
On the other hand, only Q(x:,y) is used in PM-only reconstruction where all values ofA(x,y) are sec to one; RPM(X,JJ) = 2 ~;(expli9(x.~)]C(.r,f)) (15)
The motivation Cor this step is the observation that a phaseonly reconstruction of the discrete Fourier transform of an image results in an edge detected image of the onginal [5] . The intention here was to explore the range of images that resulted from amplitude-only and phase-only reconstruction and to determine if diagnostically useful information about the mammograms could be extracted from them.
Subtraction
The AM and PM-only reconstructed components, specified in equations (1 1) and (15) 
where k p~ (XJ) and 2 (x,y) 
EXPERIMENTS WITH MAMMOGRAMS
The new algorithm was tested on 28 mammograms from the MIAS database [6], including 22 circumscribed masses and 6 normal cases, to gauge its ability to highlight Circumscribed masses. The original 50 ydpixel images were low-pass filtered and reduced in resolution to 400 pdpixel. The colour depth of each image was Xbits grey scale [0-2551, as in the original. The annotation supplied with the database provided the location coordinates and radius r of the enclosing circle for each lesion. In our experiments with the 22 abnormal images, the region-of-interest (RO1) was selected as a square region of side length 2 ( r + 10) pixels centred on the location co-ordinates of the circumscribed mass. For the normal images, an ROI of size 128 x 128 pixels, was placed on the parenchyma by the first author with no particulaI preference of location.
RESULTS
The textural decomposition of an RO1 of a manunogram, highlighting a circumscribed mass lesion is illustrated in Figure 1 . Images (a-f) were produced by the DaugmanDowning demodulation transform; while images (g-i) were the three new components generated by the adapted algorithm. As a preliminary evaluation, the 28 subtracted images were examined by the first author. Out of 22 circumscribed mass images, 19 were considered acceptable. In these cases, the shape of the lesion was highlighted accurately and the background was dark. In the other three, although the circumscribed masses was highlighted, the shape of the highlighted region did not accurately reflect the lesion shape. Note also that the subtracted images of the six normal cases highlight regions of the breast, even though they do not contain circumscribed masses.
DISCUSSION
The modified demodulation scheme was found to have very good sensitivity for highlighting circumscribed masses on mammograms. It was possible to highlight the circumscribed mass lesions with clear outlines and zero intensity backgrounds using the adapted algorithm on appropriate ROIs. In a few cases, the algorithm failed due to the mass overlapping with the pectoral muscle or part of the lesion being lost at the image edge. Most noteworthy is the observation that in the subtracted images, the circumscribed masses are themselves highlighted while the other glandular tissues are suppressed. This reveals an important difference between our results and those from methods that rely on optimal thresholding or bandpass filtering.
The new method, however, does not appear to have good specificity. When it is applied to normal breast tissue, the glandular tissues are themselves highlighted, rather than suppressed, forming some irregular and noncircular shapes in the resulting image. This effect is more significant for dense breast tissues. Therefore a shape analysis operator may need to be developed to distinguish circular and non-circular shapes so as to improve the specificity for circumscribed mass lesions. Moreover, the appearance of these highlighted normal tissue fractions are so different from the appearance of circumscribed masses that it is not difficult to visually distinguish normal and abnormal tissues from the highlighted images. As a final point, the highlighting of normal breast tissue may prove itself useful for modelling and subtracting out portions of the breast tissue for dense breasts, thus enhancing visualization.
CONCLUSIONS
In this paper we have summarized the Daugman-Downing demodulation scheme and adapted it for mammographic texture analysis. We have demonstrated the decomposition of an image into the carrier and the phasor AM and PM components and also its complete reconstruction from these components. The adaptations we have introduced have been explained together with their rationale. These are: (1) the selection of the Fourier half-plane; (2) partial re-construction and (3) PM-only reconstruction followed by subtraction of the photographic negative AM component. This modified algorithm was found to highlight circumscribed masses on mammograms with high sensitivity. The method, however, has poor specificity, which needs to be investigated further. It is our belief that a new and fruitful approach to mammographic texture analysis and abnomiality detection has resulted from this work.
